Background. Native meliponines are currently threatened by increased human impacts. The assessment of their genetic variation by microsatellite DNA markers can assist in the conservation of populations and help in the planning and establishment of efficient management strategies. Next generation sequencing has proven to be useful for identifying microsatellite loci from the large amounts of sequence data generated.
Introduction Stingless bees (Hymenoptera: Apidae: Meliponini) are quite a diverse group of bees regarded for their great economic and ecological importance. For instance, beekeeping provides a sustainable source of income under a low-cost investment for smallholder farming communities; and these native bees support an efficient pollination service in both natural and agricultural systems (Heard 1999; Slaa et al., 2006; Garibaldi et al., 2013) .
Currently, native meliponines are threatened by increased human impacts such as destruction of native vegetation and consequent landscape transformation (Brown & Paxton, 2009; Winfree et al., 2009; Potts et al., 2010; Roulston & Goodell, 2011) . Anthropogenic disturbances or intervention may negatively affect the existence of small populations of native stingless bees, leading to the risk of local extinction (Silva et al., 2014) . Therefore, a clear understanding of the genetic variation and population structure of meliponine bees can contribute to the development of effective conservation strategies to secure the continued survival of these original populations and the species itself.
The Melipona (Melikerria) fasciculata Smith, 1854 (Hymenoptera, Apidae), popularly known as "uruçu-cinzenta" or "tiúba", is a native stingless bee species that can be found in the neotropical region of Brazil, within the states of Pará, Tocantins, Maranhão, Piauí and Mato Grosso (Silveira, Melo & Almeida, 2002) . Apart from its role as a pollinator in most ecosystems and crops (Cortopassi-Laurino et al. 2006; Nunes-Silva et al., 2013) , a great interest in the species has emerged because (i) stingless beekeeping is relatively easy, as long as flowering plants are available, and (ii) its production of honey and geopropolis with antioxidant potential (Oliveira et al., 2012; Dutra et al., 2014) and anti-inflammatory effect (Liberio et al., 2011) .
Microsatellites, stretches of short DNA sequences tandemly repeated, have become the markers of choice for high-resolution assessment of genetic variation and population structure studies, most importantly, due to their abundance throughout the eukaryote genome and their hypervariability (Goldstein & Schlötterer, 1999; Wan et al., 2004) . Emerging technologies in DNA sequencing (i.e. next generation sequencing -NGS) have proven to be useful for identifying microsatellite loci from the large amounts of sequence data they generate with much less effort and low cost, therefore, challenging traditional approaches for their development (Mardis, 2008; Zalapa et al., 2012; Park et al., 2013; Souza et al., 2015) .
In this paper, we describe the first set of microsatellite markers developed for Melipona fasciculata, selected from partial genome assembly of Illumina paired-end reads. An exploratory analysis of its geographic genetic variation is also performed to characterize and validate these polymorphic markers.
Materials and Methods
Bee materials and genomic DNA isolation. Genomic DNA was extracted from each adult worker thorax (n = 50) using the Wizard Genomic DNA Purification Kit (Promega, Madison, WI, USA) according to the manufacturer's instruction. Bees were collected from hives originally from the Northeast region of Brazil, in the states of Piauí (Elesbão Veloso city; 6°11'56.2"S 42°11'43.8"W) and Maranhão (São Bento city; 2°42'30.6"S 44°50'18.9"W). The extracted DNA samples were electrophoresed on 0.8 % agarose gel to test for overall quantity and quality of the DNA yield.
Library preparation and NGSequencing. A single individual with the highest quality DNA yield was selected for sequencing. DNA was quantified using a PicoGreen protocol and was run using a Perkin Elmer Fusion DNA Quantifier (Perkin Elmer, Waltham, Massachusetts protocol of the Illumina Nextera XT Library Preparation kit (Illumina Inc., San Diego, CA). DNA was tagged and fragmented by the Nextera XT transposome, followed by limited-cycle PCR amplification, AMPure XP magnetic-bead purification (Agencourt Bioscience Corporation, Beverly, MA) and the Illumina Nextera XT bead-based normalization protocol. The DNA library was sequenced using a MiSeq Benchtop Sequencer (Illumina Inc., San Diego, CA). Contigs were created from the resulting paired-end sequence data (reads) using CLC Genomics Workbench 7.0.4 (Qiagen).
Microsatellite loci search and primer design. All these contigs were subsequently added directly into MSATCOMMANDER 0.8.2 (Faircloth, 2008) for detection of possible microsatellite loci with at least four repeats, except for dinucleotides (six repeats), and designing of primer pairs for each detected locus at their flanking regions. Long mononucleotide repeats were ignored for marker development. Primer design was performed with the Primer3 (Rozen & Skaletsky, 2000) .
Microsatellite-PCR amplification for primer validation and genotyping. Genomic DNAs from 5 individuals were initially used to validate all designed primer pairs using polymerase chain reactions (PCRs). Reactions were performed in a 10 µL total volume containing at least 10 ng of genomic DNA, with 1.25 to 1.5X buffer, 2 to 2.5 mM MgCl2, 10 mM dNTP mix, 0.25 mM of each primer and 0.25 units of Taq DNA polymerase (Thermo Scientific Inc.) or HotStar Taq DNA Polymerase (Qiagen). All amplifications were run in a Veriti 96-well Thermal Cycler (Applied Biosystems) using the PCR temperature profile indicated in Table 1 . The amplification products were screened by silver nitrate detection on denatured 6% polyacrylamide gels. Additional bee samples were genotyped from two different locations (Piauí and Maranhão), 25 individuals each, to obtain baseline allele frequency information.
Data analysis. The genotyped data was initially analyzed using Micro-Checker 2.2.3 (Van Oosterhout et al., 2004) to test for the presence of null alleles, large alleles dropout and scoring errors by stuttering. Observed and expected heterozygosities (HO and HE), the number of alleles (Na), and the polymorphic information content (PIC) were determined using CERVUS 3.0 (Kalinowski, Taper & Marshal, 2007) . Allelic richness (AR) as a measure of the number of alleles per locus independent of population size was calculated by FSTAT version 2.9.3.2 (Goudet, 1995) . Deviations from Hardy-Weinberg equilibrium (HWE) and tests for linkage disequilibrium were conducted using Genepop software (Raymond & Rousset, 1995) 
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. The Bonferroni correction (Rice, 1989) was applied when multiple pairwise tests were performed to assess the significance (P < 0.05).
The genetic diversity for each locus was evaluated by ARLEQUIN ver. 3.5 (Excoffier & Lischer, 2010) , which determined the value of θ (FST) for the whole sample set.
A Bayesian grouping admixture model was used to infer possible population structuring using the software STRUCTURE v2.3.3 (Pritchard, Stephens & Donnelly, 2000) . The program was set up for 1,000,000 Markov chain Monte Carlo repetitions after an initial burn-in of 500,000 steps. The estimate of the best K was calculated based on 5 replications for each K (from 1 to 6) as described by Evanno et al. (Evanno, Regnaut & Goudet, 2005) using Structure Harvester v.0.6.92 (Earl & vonHoldt, 2012) . The program CLUMPP v.1.1.2 (Jakobsson & Rosenberg, 2007) was used to align the five repetitions of the best K. The program DISTRUCT v.1.1 (Noah, 2004) was used to graphically display the results produced by CLUMPP. Population structure was also analyzed using principal coordinate analysis (PCoA), RST (Slatkin, 1995) , a measure of genetic differentiation analogous to FST, and the Dest estimator of actual differentiation (Jost, 2008) as implemented in GenAlEx v.6.5 (Peakall & Smouse, 2012 
Results and Discussion
Genome survey and assembly, SSR loci identification and primer design. A total of 2,669,884 sequencing reads were generated from a 300 bp insert library using Illumina pairedend sequencing technology. These reads were assembled into 47,087 contigs. These contigs were then screened for microsatellite motifs using MSATCOMMANDER 0.8.2 (Faircloth, 2008) . Search results revealed 9,954 contigs (11.3 % of total contigs) containing 11,869 microsatellite sequences. As expected, mononucleotide (6,444) and dinucleotide (3,225) repeats were the most frequent, followed by tri-(734) and tetranucleotide (574) loci. We focused only on tri-and tetrarepeat microsatellites with more than 10 repeats mainly because they are easier to score on polyacrylamide gels than dinucleotides, as well as longer repeats generally show higher mutation rates (Petit et al. 2005) . From these, 37 microsatellite loci were selected for primer designing and validation.
Polymorphism and validation of genomic microsatellite markers. The Micro-Checker analysis of the entire dataset revealed null alleles for loci Mfsc3 and Mfsc11, at lower frequencies than 0.2 (Table 2) . Null allele frequencies below 0.2 are acceptable in most microsatellite data sets (Dakin & Avise, 2004) . After dividing dataset into two groups, one corresponding to samples collected in Piauí state and another composed of only individuals from Maranhão, Micro-Checker analysis revealed nulls only for Mfsc3 in the Piauí population after Bonferroni's correction, which may be a possible cause of its deviation from HWE. No pairwise combination of microsatellite loci showed significant linkage disequilibrium indicating that none of the loci were physically linked.
PCR products of expected size based on sequence data from the partial genome assembly with clear and consistent bands were obtained from 18 primer pairs, out of 37 tested on 50 individual bees from the two surveyed groups in Northeastern Brazil (Table 2) . Seventeen microsatellite loci were polymorphic across the entire data set. However, few have revealed a monomorphic binding pattern at a population-level analysis (Mfsc24 and Mfsc30 in Piauí and Mfsc3, Mfsc7, Mfsc13, Mfsc31 and Mfsc32 in Maranhão). Nevertheless, it is still expected that these loci may become polymorphic once again when additional individuals are sampled. The genotyping of the entire dataset has revealed 70 alleles, ranging from 1, for locus Mfsc34 to 10, for locus Mfsc17, with an average of 3.9 ± 2.7 alleles per locus (Table 2 ). This result was of similar magnitude to that found in other species within the same genus such as M. rufiventris (Lopes et al., 2009) , M. seminigra merrillae (Francini et al., 2009 ), M. interrupta manaosensis (Francini et al., 2010 , M. mondury (Lopes et al., 2010) and M. yucatanica (MayItzá et al., 2010) . The size of alleles in the least polymorphic locus (HE and PIC), Mfsc31, ranged from 260 to 263 bp, while for the most polymorphic locus, Mfsc27, alleles varied from 205 to 227. These two loci (Mfsc31 and Mfsc27) were composed of trinucleotide motifs. As shown in Table 2 , the level of polymorphism of each locus was also evaluated by the allelic richness (AR) and the polymorphic information content (PIC). The values of allelic richness varied from 2 to 9.1 (average of 3.9 ± 2.4), while PIC values ranged between 0.108 and 0.714. Mean PIC (0.372 ±   136   137   138  139  140  141  142  143  144  145  146  147  148   149  150  151  152  153  154  155  156  157  158  159  160  161  162  163  164   165  166   167  168  169  170  171  172  173  174  175  176  177 0.198) characterize all microsatellite loci as reasonably informative markers (Botstein, White & Skolnick, 1980) . Overall mean observed and expected heterozygosity was estimated to be 0.536 and 0.453, respectively. These estimates were higher when compared to most heterozygosities found for Melipona species, exception made for M. subnitida (Souza et al., 2015) . It is noteworthy that low levels of heterozygosity are known to occur in social Hymenoptera compared to other insects (Graur, 1985) . Nine microsatellite loci exhibited significant probabilities (P < 0.05) of departure from Hardy-Weinberg equilibrium, likely due to the mixing of individuals from populations of different allelic frequencies (Templeton, 2006) . Exploratory analysis of the genetic diversity in Melipona fasciculata. Genetic diversity between M. fasciculata populations, as measured by the mean number of alleles per microsatellite locus, mean allelic richness, heterozygosity and PIC, was characterized by a slightly higher level of genetic variability from samples collected in Maranhão when compared to those sampled in Piauí ( Table 2) .
The high FST (0.194) and RST (0.230) estimates found in M. fasciculata suggest the existence of genetic structure. However, additional genetic surveys should be carried out to confirm this observation. FIS estimates for most loci were negative, indicating a trend towards an excess of observed heterozygosity. Similarly high FST estimates were reported in wild populations of M. rufiventris (Tavares et al., 2007) and M. beecheii (Quezada-Euan, 2007) , with values of 0.25 and 0.280, respectively. Dest, which is a measure based on the proportion of alleles that are unique to a subpopulation (Jost, 2008) , provides further evidence of population differentiation (Dest = 0.162). Low rates of dispersion and short flight distance, less than 2000 m, might have contributed to the levels of population differentiation (Silveira, Melo & Almeida, 2002; Araújo et al., 2004; Duarte, Gaiotto & Costa, 2014) .
All these estimates reflect that gene exchange is not prevailing in these two M. fasciculata populations. Therefore, concerns should be addressed to the question of up to what level the destruction of native semiarid vegetation is influencing genetic drift or reduction of gene flow among M. fasciculata populations currently restricted to the remaining fragments of native forests.
The scatter-plot of the principal coordinate analysis (PCoA) showed a clear separation of the species in two distinct clusters of stingless bees, coincidental with the origin of the individuals. This analysis further confirmed the genetic differentiation of the two populations (Fig. 1A) . The analysis of microsatellite variation using the admixture model of STRUCTURE, at the first level of sub-population separation (K = 2), has also revealed two distinct clusters (Fig.  1B) . These clusters represent each sampling population separately, except for very few individuals mostly located in Piauí that appears to be admixed. 
Conclusion
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